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We show that a very simple solution to the strong CP problem naturally leads to Dirac neutrinos.
Small effective neutrino masses emerge from a type I Dirac seesaw mechanism. Neutrino mass limits
probe the axion parameters in regions currently inaccessible to conventional searches.
I. INTRODUCTION
Despite its tremendous success, the standard model has
many drawbacks and theoretical loose ends. Amongst
them the lack of neutrino masses and mixings [1], and of
a viable dark matter candidate [2]. Both issues require
new physics, beyond the standard model. Moreover,
the standard model also leaves unexplained the lack
of CP violation in the strong interaction [3–5]. Aware
that the list of shortcomings is much longer, here we
focus on whether the above three aspects may be closely
interconnected in the context of the Peccei-Quinn (PQ)
mechanism. In fact, there have already been recent
attempts to connect it to neutrino mass generation, both
in the Majorana [6–9] and Dirac [10–12] frameworks.
In axion models quarks carry a non-zero PQ charge, so
two Higgs doublets Hu and Hd are typically required. In
order to be phenomenologically viable, the PQ symmetry
must break at high energies, implying the need for a
SU(3)c ⊗ SU(2)L ⊗U(1)Y singlet scalar boson, carrying
PQ charge, denoted as σ ∼ (1, 1, 0). Moreover, the Hu,d
fields must couple to σ in such a way that the only U(1)
symmetries are U(1)Y ⊗U(1)PQ. There are two ways of
doing this, depending on the form of the mixing terms
in the scalar potential. These yield two possibile choices
for the PQ charge of σ, that may be taken as 2 or 4, for
one of the simplest Higgs doublet charge assignments.
When the PQ charge is 2, the spontaneous breaking of
the Peccei-Quinn symmetry can be connected to the
breaking of lepton number by two units [13] leading to
Majorana neutrinos [14].
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In this letter we challenge the view that linking spon-
taneous Peccei-Quinn symmetry breaking to neutrino
mass generation leads to Majorana neutrinos. This is
achieved by making the alternative choice for the PQ
charge. We show how it leads to a novel class of min-
imal axion models that effectively imply Dirac neutri-
nos. For definiteness, we take as reference the simplest
DFSZ axion scheme [15, 16], taking the associated field
with PQ charge 4. We also provide the simplest UV-
completion of the new “Diraxion” scheme, where the neu-
trino masses are naturally small, implemented through
the type-I Dirac seesaw mechanism. Neutrino mass lim-
its, such as the recent one of the Katrin tritium β decay
experiment [17], provide new ways to probe the axion
parameter space.
II. MINIMUM SETUP
As mentioned, here we depart from the canonical choice
for axion quantum numbers. We focus on the minimal
DFSZ model where the Higgs fields Hu and Hd have PQ
charge 2, while the symmetry breaking field σ, associated
with the axion field, has PQ charge 4. In this case there
is a term in the potential of the form
Vmix(Hu, Hd, σ) ∝ HuHdσ∗ , (1)
involving a dimensionful coupling. The crucial observa-
tion is that with such assignment as in Table I there is
no way to form the dimension-five Weinberg operator for
the light neutrino masses, nor any other operator with
powers of σ and or powers of Hu and Hd. Indeed, we
first notice that with two Higgs doublets there are three
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2Fields/Symmetry Qi uci dci Li lci Hu Hd σ
SU(2)L × U(1)Y (2,1/6) (1,-2/3) (1,1/3) (2,-1/2) (1,1) (2,-1/2) (2,1/2) (0,0)
U(1)PQ 1 1 1 1 1 2 2 4
TABLE I: Quantum numbers in the DFSZ axion model. All fermions are left-chiral.
different dimension-five Weinberg operators 1, of the form
Operator PQ charge
Ldim 5 ∼

LLH˜uH˜u
ΛUV
LLH˜uHd
ΛUV
LLHdHd
ΛUV
1 + 1 + (−4) = −2
1 + 1 + (0) = +2
1 + 1 + (4) = +6
(2)
Clearly, none of these operators is invariant under the PQ
symmetry. As a result, from Eq. (2), there is no way to
construct an operator invariant under U(1)PQ and stan-
dard model symmetries simultaneously. One can verify
that this argument also extends to all the higher order
effective operators that could potentially generate Majo-
rana masses for neutrinos. To see this consider all possi-
ble gauge invariant contractions of the scalars and their
PQ charges, which are shown in parenthesis in Eq. (3),
σn (4n); (σ∗)n (−4n);
(HuHd)
n (4n); (HuHd)
∗n (−4n);
(H†uHu)
n (0); (H†dHd)
n (0).
(3)
In order to form a neutrino Majorana mass term, one
must insert at least one of the scalar contractions
shown in Eq. (3) into Eq. (2). Since all these gauge
invariant combinations carry either zero or 4n PQ
charge (n = 1, 2, 3 . . . ), no combination can lead to a PQ
invariant Majorana mass generating operator. Hence
the only option is for neutrinos to be Dirac particles.
We now turn to the question of generating finite Dirac
neutrino masses. One option is to include the “right-
handed” neutrinos νRi with PQ charge 1. In this case
the Yukawa Lagrangian is
LY = yuijQ¯iHuuj + yuijQ¯iHddj + ylijL¯iHdlj
+ yνijL¯iHuνRj + h.c. , (4)
so that neutrinos are Dirac particles and the Yukawa cou-
plings yνij must be of the order O(10−12) in order to ac-
count for the recent Katrin bound. Such a small cou-
pling suggests the need for a dynamical explanation. Let
us now explore the possibilities to generate such a small
coupling in a natural way.
III. TYPE I DIRAC SEESAW
In the presence of adequate protective symmetries, there
are many pathways to generate naturally small Dirac
neutrino masses. This can be done à la seesaw, us-
ing dimension-5 and/or dimension-6 operators [18–20].
Many full-fledged UV-complete seesaw-based as well as
radiative theories of Dirac neutrino mass generation have
been proposed [21–27]. The task here is to do the same
using realizations of the PQ symmetry. For definiteness
1 Barring multiple Higgses, the uu and dd-type contractions vanish
identically, however this does not change our argument.
we stick to the type I seesaw mechanism.
〈Φ〉 〈σ〉
L FR FL νR
FIG. 1: Dirac neutrino mass generation diagram.
In order to generate Dirac neutrino masses à la seesaw,
the last term in Eq. (4) must be forbidden. This can hap-
pen in a simple and natural way if the PQ charge of νRi
3Fields/Symmetry Qi uci dci Li lci νci Fi F ci Hu Hd σ
SU(2)L × U(1)Y (2,1/6) (1,-2/3) (1,1/3) (2,-1/2) (1,1) (1,0) (1,0) (1,0) (2,-1/2) (2,1/2) (0,0)
U(1)PQ 1 1 1 1 1 5 -1 1 2 2 4
TABLE II: Proposed assignment of our “Diraxion” model. The sequential chiral fermions F and F c merge to form
the Dirac fermions that mediate neutrino mass generation through Fig. 1.
differs from that of the lepton doublets Li. For definite-
ness consider now the case in which the “right-handed”
neutrinos have charge −5 under the U(1)PQ symmetry.
In such a case the tree-level Dirac mass term is PQ–
forbidden, but a dimension 5 operator is allowed
LDdim5 = yνijL¯iHuνRj
σ
ΛUV
+ h.c. (5)
A very simple way to UV-complete this operator is
through the Type I Dirac seesaw mechanism. To this
end we simply extend the model by including three se-
quential pairs of chiral fermions FLi and FRi, as shown
in Table (II).
The relevant neutrino mass Lagrangian will be
LtypeI = λijL¯iHuFRj + κijF¯LiσνRj +MijF¯LiFRj + h.c
(6)
Notice that, unlike the Majorana case where one typically
has
mMajoranaν ∼ v2EW /fa , (7)
for the Dirac case one obtains, from Eq. (5) 2:
mDiracν ∼ vEW fa/ΛUV . (8)
For axion decay constants around fa ∼ 108 GeV, the min-
imum value allowed from astrophysicsl constraints [29],
and reasonable Yukawa couplings ∼ 10−3, neutrino
masses in the eV scale would correspond to the UV scale
ΛUV ∼MGUT , which is suggestive.
One sees that, for fixed Yukawa couplings, our axion
prefers smaller values of the breaking scale fa, corre-
sponding to higher (smaller) axion (neutrino) masses.
IV. SHRINKING THE AXION LANDSCAPE
The axion coupling to photons is determined by the QCD
anomaly and is given as [30–32]
gaγ =
αEM
2pifa
(E/N − 1.92) . (9)
For reasonable values of the E/N ratio (which in our
model is 8/3) this coupling can be probed in a variety of
experiments [29].
A characteristic feature of our scenario is that neutrino
mass experiments also play a role. To see this, the first
thing to note is that the messenger mass Mχ ∼ ΛUV
can be substantially higher than that in the usual type-I
2 This resembles reference [28], but now it is the PQ symmetry
that enforces the Diracness of the neutrinos.
Majorana seesaw mechanism. Indeed, it can lie at the
Planck scale 3 ΛUV ∼ MPlanck or be associated to some
Grand unification (GUT) group, ΛUV ∼MGUT .
The unusual dependence in Eq. (8) 4, with the neutrino
mass, scaling as mν ∝ fa (fa the axion decay constant),
implies that the heavier – and hence the more strongly
coupled – is the QCD axion, the lighter are the neutri-
nos. This offers the possibility of probing the QCD axion
physics with neutrino physics considerations.
We start by setting ΛUV to the Planck scale MP , and
fixing Yukawa couplings (see Eq. (6)) within a reasonable
range 10−2 − 10−3, such that the product y ∼ λ× κ (see
Eq. (5) and Eq. (6)) lies between 10−4 and 10−6. Once
the Yukawa couplings and the UV scale ΛUV are fixed,
3 For Planck-scale lepton number violation schemes see [33, 34].
4 Notice that this dependence is quite generic, and applies to any
UV completion of the effective operator in Eq. (5).
4one can use neutrino mass bounds, such as the recent
Katrin results [17] to probe part of the axion parameters,
as seen in Fig. 2. Indeed, the new neutrino mass upper
bound would place an upper bound to fa, and hence a
lower bound to the axion-photon coupling due to Eq. (9).
One sees that neutrino experiments such as Katrin can
probe the parameter space towards the bottom, where
no experiment can look for axions directly. Likewise,
this sentivity would also apply for generic ALPs coupled
to photons, as indicated in Fig. 2. In short, our model
illustrates the interplay and potential complementarity
between axion searches and neutrino experiments, which
is a characteristic feature of our proposal.
In contrast, note that by choosing a lower ΛUV = MGUT ,
the allowed parameter space in Fig. 2 would be substan-
tially reduced.
FIG. 2: Landscape of axion parameters (ma, gaγ), adapted from [29]. We show the constraints from cosmology [35]
(green), astrophysics [36, 37] (blue) and haloscopes [38, 39] (dark red), together with the predicted QCD band (shaded
yellow) and the KSVZ line (brown). The pink horizontal band illustrates neutrino masses obtained by setting ΛUV
to the Planck scale MP and fixing Yukawa couplings in the indicated range. One sees that the Katrin limit mν ≤ 1.1
eV [17] would place an upper bound on the axion decay constant, hence a lower bound on the axion-photon coupling.
V. UNIFICATION
We now comment on the fact that the quantum numbers
in Tables (I) and (II) are suggestive of the idea of uni-
fication. Here we sketch an SO(10) embedding. By ap-
propriate assignment of the PQ charges one can achieve
the seesaw mechanism in Fig.1 within the framework of
SO(10). For example, in addition to the three standard
model families embedded in the 16F spinors, one intro-
duces the fields:
1S4 , 10
S
2 , 16
S
0 , 1
F
−1 , 1
F
5 ,
where F, S stand for fermions and scalars, respectively.
Notice the unusual embedding of the “right-handed” neu-
trino: while the FR field lies in the 16F spinor, the
“right-handed” piece (νRi) of the standard model neu-
trino comes as an SO(10) singlet, with PQ charge -5,
1F−5. The scalar spinor 16
S
0 is responsible for giving a
Dirac mass to F , breaking SO(10) down to SU(5), but
preserving the PQ symmetry. The latter will be broken
by 1S4 . As usual, the Hu, Hd fields will reside inside the
10S2 . They will give masses to the charged fermions and
contribute to Dirac neutrino mass generation, which in
the Dirac basis of (ν¯L, F¯L)T and (νR, FR) can be written
as
Mseesaw =
(
0 λ 〈Φ〉10S2
κ 〈σ〉1S4 κF 〈χ〉16S0
)
, (10)
where λ, κ, κF are the Yukawa couplings. The resulting
5〈Φ〉〈10S2 〉 〈σ〉 〈1S4 〉
〈χ〉 〈16S0 〉
L¯
16F−1 16
F
−1
FR F¯L
1F1
νR
1F−5
FIG. 3: Dirac neutrino mass generation diagram in
SO(10), indicating also the PQ charges.
light seesaw neutrino mass is similar to Eq. (8) above, by
identifying ΛUV in Eq. (5) with the scale of the breaking
SO(10) → SU(5), ΛUV ∼ MGUT . Of course, for a fully
consistent GUT construction additional multiplets would
be needed, though are not expected to affect the mass
mechanism proposed above.
VI. CONCLUSIONS
Here we have proposed a simple solution to the strong CP
problem in which neutrinos are naturally predicted to be
Dirac fermions. Small effective neutrino masses, directly
proportional to the PQ breaking scale, emerge from a
type I Dirac seesaw mechanism. By embedding the DFSZ
axion into a full-fledged neutrino mass generation setup,
we have shown how neutrino mass limits provide inde-
pendent probes of the axion parameters. Interestingly
enough, due to the special form of Eq. (8), this new probe
is complementary to those accessible to the existing ax-
ion searches. Our “Diraxion” scheme is compatible with
the idea of unification, providing a counter-example to
the common belief that GUTs, and in particular SO(10),
must lead to Majorana neutrinos.
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